Research on three-dimensional electrode system mainly focuses on the material of plate electrode and catalytic activity, and minimal attention is provided to particle electrode. Pyrolusite was prepared as a novel particle electrode with high active chlorine (ACl) yield. The particle electrode was characterised by scanning electrode microscopy (SEM), X-ray diffraction (XRD), X-ray fluorescence (XRF) and electrochemical properties. Results show that the intended pyrolusite particle electrode was prepared successfully. These pyrolusite particle electrodes were applied to degrade sulphonated phenolic resin in chlorine-containing wastewater and displayed an excellent catalytic activity. A total of 68.76 mg/L ACl was produced, and the COD Cr removal rate was 49.55%. These results indicated that pyrolusite particle electrode is much more effective than the reference material, that is, granular activated carbon. Furthermore, the product of electrolytic process was characterised by gas chromatographymass spectrometry (GC-MS) and ultraviolet visible spectrometry (UV-vis). The enhanced mechanism was proposed that the high degradation efficiency could be ascribed to the increase of ACl.
INTRODUCTION
In recent years, the discharge of oil and gas field wastewater containing organic compounds has caused excessive harm to the environment and must be addressed. Several of these organics are difficult to degrade; thus, a technology that can effectively degrade these organics is necessary.
A 3D electrode technology that can efficiently remove organic pollutants via generating highly reactive oxidants, such as hydroxyl radicals, has attracted considerable interest as an effective oxidation approach in wastewater treatment (Liu et al. ) . The effectiveness of the 3D electrode technology mainly depends on the particle electrodes added to the system. The most widely used particle electrode is granular activated carbon (GAC). Sowmiya et al. () studied the granular activated carbon as a particle electrode in the 3D electrochemical treatment of reactive Black B from aqueous solution. Li et al. () studied an enhanced electrochemical oxidation of synthetic dyeing wastewater using SnO 2 -Sb-doped TiO 2 -coated granular activated carbon electrodes. These particle electrodes demonstrate a favourable performance in wastewater treatment. However, the existence of chlorine ions in wastewater is unfavourable to hydroxyl radical production (Laat & Le ; Lu et al. ) during the treatment of chlorine-containing wastewater from oil and gas fields, whereas Cl À can be electrolytically oxidised to an active chlorine (ACl), which mainly includes strong oxidising substances, such as Cl 2 , HClO and ClO À .
These oxidising substances not only positively affect the decolourisation of wastewater (Yuan et al. ; Petrucci et al. ) and provide remarkable disinfection effect (Hussain et al. ; Wang et al. a, b) , but also can degrade organic matters (Hanene & Latifa ) . Therefore, we are committed to developing a novel particle electrode that promotes ACl production in the treatment of chlorinecontaining wastewater. The main raw material of the particle electrode is pyrolusite, which is a mineral material with favourable environmental properties. This material has excellent surface adsorption, mineral pore filtration, interlayer ion exchange and other basic properties. It is rich in resources, low-cost, easy to obtain and has broad application prospects in environmental pollution control. Chen et al. () studied the adsorption of dyeing wastewater by pyrolusite modified activated carbon particles, these researchers found that approximately 70% dye is removed after two adsorption/regeneration cycles. However, the particle electrode with pyrolusite as the raw material and its application in wastewater treatment have not been reported. Considering the eminent adsorption and catalytic oxidation capability of pyrolusite, a novel particle electrode, namely, pyrolusite particle electrode, was designed and prepared. Graphite, which has excellent conductivity and adsorption, is added as a conductive material to the particle electrode given that pyrolusite conductivity is weak (Zhou et al. ; Khataee et al. ) . Sulphonated phenolic resin (SMP) is the most common filtrate reducer in deep drilling (Liu et al. ) . The molecular structure of SMP (Figure 1 ) is mainly composed of benzene, methylene and C-S bond. SMP can resist high pressure, high temperature and high salinity. It is the main chemical oxygen demand (COD) source of the three-sulphonated slurry system of drilling wastewater and is a major refractory organic pollutant in drilling wastewater, it has strong chemical stability. Therefore, SMP was selected as a target pollutant. In the present study, we prepared a novel particle electrode with high ACl yield to degrade SMP. We characterised the physical properties of the particle electrode through X-ray fluorescence (XRF), X-ray diffraction (XRD) and scanning electron microscopy (SEM). The product of electrolytic process was characterised by gas chromatography-mass spectrometry (GC-MS) and ultraviolet visible spectrometry (UV-vis). We evaluated the efficiency of this product in removing SMP in chlorinecontaining wastewater from oil and gas fields and compared with the GAC. Furthermore, the enhanced mechanism was proposed that the high degradation efficiency can be ascribed to the novel particle electrode which can increase the yield of ACl.
MATERIALS AND METHODS

Materials
Graphite plates were purchased from Beijing Crystal Lung Special Carbon Company. Pyrolusite (<0.1 mm) was obtained from Sichuan Qingchuan Mining Company. SMP was obtained from Tarim Oilfield. Graphite powder was purchased from Shanghai Hua Yuan Chemical Company Colloid Chemical Plant. Potassium dichromate, sulphuric acid (98%wt), ammonium ferrous sulphate, silver sulphate, sodium chloride and 1,10-phenanthroline monohydrate were purchased from Chengdu Kelon Chemical Reagent Factory. N,N-diethyl-1,4-phenylenediamine sulphate was purchased from Shanghai McLean Biochemical Technology Company. Ehylenediaminetetra-acid disodium salt was purchased from Tianjin Zhiyuan Chemical Reagent Company. All reagents used for analysis were pure. Deionised water (>18.25 MΩ) was used in all the experiments.
Preparation of pyrolusite particle electrodes
Pyrolusite and graphite powder were used to prepare the particle electrode. The preparation steps were as follows. Firstly, pyrolusite powder and graphite powder were mixed at a mass ratio of 6:4, and an appropriate amount of ethanol was added. All the ingredients were stirred at 70 C for 1 h in a thermostatic magnetic until dispersed uniformly. Secondly, 10% mass fraction of polytetrafluoroethylene (PTFE) dispersions (60%wt) (accounting for 10% of the total mass of pyrolusite powder and graphite powder) was slowly dripped into the mixture, stirred until the mixture became a dough-like paste (Dong et al. ; Chen et al. ) and dried at 80 C for 12 h in a constant temperature oven. The mixture was shaped into cylinders using a mould (6 mm in diameter and 10 mm in length). Finally, particle electrodes were calcinated at 330 C for 2 h in an electric muffle furnace.
Experimental set-up of 3D electrode reactor
The 3D electrode reactor is illustrated in Figure 2 . The reactor support was made from plexiglass, and the volume is 7 cm × 7 cm × 8 cm. The anode and cathode, situated 6.0 cm apart from each other, were made of graphite. Pyrolusite particle electrodes were packed between the two main electrodes. These particle electrodes were isolated with the main electrode by an insulating net to avoid a short circuit between the two contacts. Air was sparged into 3D electrode reactor by a small aeration pump. The electric power was supplied by a regulated DC power supply. The SMP consumes ACl; thus, the ACl concentration is determined by electrolysing NaCl solution without SMP, and the SMP simulated wastewater was formulated into approximately 500 mg/L. In this electrolysis system, the samples were electrolysed for 40 min and withdrawn every 10 min for analysis. The experimental conditions were set as follows: particle electrode dosage of 10.0 g, current of 0.9 A, pH of solution is 7.0, electrical conductance of 3,600 μS/cm (NaCl as an electrolyte), aeration rate of 600 mL/min and electrolytic volume of 200 mL. Finally, the same mass pyrolusite particle electrodes and the GAC were used under the same experimental conditions, and the performances of the particle electrodes were compared.
During the degradation tests, a modified method for determining COD for samples with high salinity was used in the experiment (Vyrides & Stuckey ) . The change of substance in the process of electrolysis was analysed by UV-vis spectrometer (UV-1800, SHIMADZU) at the absorption wavelengths of 190-400 nm. Total organic carbon (TOC) was determined by a TOC tester (TOC-V CPH/CPN , SHIMADZU). The ACl concentration was measured by N,N-diethyl-1,4-phenylenediamine sulphate spectrophotometric method (standard methods for examination of water and wastewater). The electrolytic intermediate of SMP was determined by GC-MS (GCMS-QP2010Plus, SHIMADZU). A solid-phase microextraction technology was adopted to separate the samples. The GC column was maintained at 40 C for 3 min, increased to 150 C at the rate of 5 C/min for 2 min and finally increased to 270 C at the rate of 10 C/min. The other experimental conditions were as follows: injection volume 1 μL, pressure of 49.5 kPa, total flow of 9.0 mL/min, column flow of 1.00 mL/min and purge flow 3.0 mL/min.
Characterisation of pyrolusite particle electrode
The morphology of pyrolusite particle electrode was observed on an SEM (FEI Inspect F50) operated at an acceleration voltage of 500 kV. The pyrolusite particle electrode was powdered, and the crystal characterisation of the particle electrode was obtained by XRD (PANalytical, Netherlands) with a Cu Kα radiation at 40 kV and 30 mA at a scan rate of 10 /min and in 2θ range of 10-80 . The chemical elements of pyrolusite particle electrode were analysed by XRF (Axios-pw4400). Linear sweep voltammetry (LSV) experiments were performed to test a chlorine evolution potential (ClEP) of the 3D electrode system packed with pyrolusite particle electrodes and GAC in a 0.25 mol/L NaCl solution at a scan rate of 100 mV/s.
RESULTS AND DISCUSSION
Characterisation of the pyrolusite particle electrodes
The exact element composition of the prepared pyrolusite particle electrode was observed by XRF, and the results are summarised in Table 1. The particle electrode mainly contains C, O, Si and several metal elements. The percentage of C is 42.387% which is mainly derived from the added conductive material graphite and PTFE. The metal elements mainly include Mn (21.159%), Fe (13.632%), Al (1.885%), Ca (1.248%), Mg (0.403%) and other lesser metal elements. The Mn content in the particle electrode is only 21.159%, thereby indicating that pyrolusite is low grade with nearly no commercial value. Therefore, producing a pyrolusite particle electrode incurs a low-cost.
The crystalline structure of the particle electrode was characterised by XRD. These results are depicted in Figure 3 patterns should be attributed to the diffraction of the plane of the α-MnO 2 (JCPDS, 44-0141) structure. However, the peak intensity was relatively small, and the peaks were not found in the XRD pattern of pyrolusite. We concluded that part of β-MnO 2 is transformed into α-MnO 2 during the calcination of the particle electrode. Xu et al. () found that α-MnO 2 has a higher catalytic activity than β-MnO 2 . Therefore, the appearance of α-MnO 2 enhances the catalytic performance of the particle electrode. Figure 3 | X-ray diffraction patterns of pyrolusite particle electrode and pyrolusite.
components are metal catalysts with excellent performance. Simultaneously, in preparing the particle electrode, the crystalline structure of several metal oxides was changed, and the catalytic performance of the particle electrode was enhanced.
The morphologies of the pyrolusite particle electrode are presented in Figure 4 . The magnification of the two images in Figure 4 (a) and 4(b) is 5,000 times and 10,000 times, correspondingly, thus indicating that PTFE has melted and formed a clear and stable layer and a porous and mesh 3D skeleton structure after natural cooling. This structure endues its strong absorbability and can accelerate the reaction between the adsorption and desorption of contaminants on the surface of particle electrodes; this condition is beneficial to the rapid and effective degradation of contaminants (Chen et al. ) . In addition, the phase change and contraction of PTFE at a high temperature would create additional gas diffusion pores that provide further reactive sites for electrochemical reaction, and the structure benefits internal electrolysis reaction and promoted ACl production.
Generation of ACl in 3D electrode system
ClEP is an important operational parameter in assessing the pyrolusite particle electrode. Figure 5 (a) exhibits the LSVs of the 3D electrode system packed with different particle electrodes in 0.25 mol/L NaCl. The ClEP (vs. SCE) was determined via subsequent extrapolations of the linear current waves to 0 A. The obtained ClEP values for the pyrolusite particle electrode and GAC are 0.82 and 0.96 V, respectively. The pyrolusite particle electrode obtained a low ClEP of 0.82 V. Evidently, the pyrolusite particle electrode could produce more ACl than the GAC in the electrolysis process. This low ClEP could be attributed to the presence of a large amount of manganese dioxide in pyrolusite. Manganese dioxide presented a low overpotential for chlorine evolution. It represents a potentially promising electrode material for treating effluents that contain a high chloride load (Abbar et al. ) . In addition, Kuan & Chan () also showed that pyrolusite has a strong catalytic oxidation capacity. Therefore, the pyrolusite particle electrode was effective in promoting the onset of ACl via the electrode composition, thereby increasing the current efficiency and promoting the electrochemical oxidation of organics. The ACl concentration was measured by the N,N-diethyl-1,4-phenylenediamine spectrophotometric method (APHA/AWWA/WEF ). Figure 5 (b) displays the ACl production in different reaction systems, ACl gradually increases and then flattens with the increase in electrolysis time given the consumption of hydroxyl radicals by ACl in the electrolysis process (Garcia-Segura et al. ). The results exhibited in Figure 5 (b) show that the pyrolusite particle electrode performs better than the GAC in the ACl electrolysis test. Evidently, the 3D electrode system with pyrolusite particle electrode produces additional ACl. Wang et al. (a, b) believed that the increase in active substances can be attributed to the presence of particle electrodes. Thus, pyrolusite particle electrdoe has better electrocatalytic properties and can produce more ACl than GAC.
Electrochemical oxidation of SMP simulated wastewater using pyrolusite particle electrodes
To confirm the performance of the pyrolusite particle electrode in the 3D electrode system, two types of particle electrodes were used to treat the SMP simulated wastewater under the same experimental conditions. Figure 6 (a) illustrates the COD Cr removal rate of SMP simulated wastewater treated with two types of particle electrodes. The maximum removal rate of pyrolusite particle electrode is 49.56%, which is evidently higher than that of GAC. The 3D electrode method involves complicated electrical and chemical reactions, this method is a combination of adsorption, surface catalysis and oxidationreduction processes (Lv et al. ) , and the particle electrode must have a favourable pollutant adsorption capacity and electrocatalytic performance. Therefore, the high COD Cr removal rate of pyrolusite particle electrode can be explained as follows. Firstly, pyrolusite performs well in organic matter adsorption and fixation (Kuan & Chan ) and promotes mass transfer in the reaction system. Secondly, pyrolusite is a crystalline allotropic variety of manganese, it is a favourable chemical reaction catalyst (Bernard et al. ) . It can generate highly active strong oxidising substances, such as ACl, and can oxidise various nonbiodegradable organics. Finally, PTFE can form an excellent porous structure in the particle electrode under 330 C calcination conditions, increase the specific surface area of the particle electrode, strengthen the mass transfer and electrolysis reaction process and has outstanding recovery and regeneration ability (Sheng et al. ; Dong et al. ; Chen et al. ) . Therefore, the pyrolusite particle electrode has better performance than GAC when the 3D electrode to address SMP given these characteristics. An energy consumption evaluation of the treatment cost can be performed to ascertain the economic feasibility of using the 3D electrode system for wastewater treatment. The electrical energy consumption (EEC) of the electrolysis process was calculated based on Equation (1) (Ghanbari et al. ) .
where U is the cell voltage (volt), i is the electrical current (A), t is the electrolysis time (h) and v is the volume of solution in the reactor (m 3 ). Figure 6 (b) depicts the EEC of the 3D electrode system filled with different particle electrodes. The EEC of the 3D electrode system filled with pyrolusite particle electrodes is lower than the 3D electrode system filled with GAC, and the gap between the two systems increases with time. The change in the energy consumption may be due to the increase in conductivity with time because the pyrolusite particle electrode has a favourable catalytic activity and produces additional ions in the electrolysis process. Therefore, conductivity of electrolyte increases and its EEC decreases. In addition, Wang et al. (a, b) reported an EEC of approximately 300 kWh/kg COD when the secondary effluent was treated. Their result was larger than that in our study. Ghanbari et al. () reported that the EEC in their research was only 2.32 kWh/m 3 (much lower than that in the present study)
when they removed nitrate in wastewater. The low result of Ghanbari et al. may be attributed to the high conductivity and low current. Thus, the pyrolusite particle electrodes have lower cost and are more economical than GAC.
Scavenging experiment
Ammonium could react with ACl to form less reactive but more stable chloramine, and it is less reactive with the other radical species (Huang et al. ) . To identify contribution of ACl in SMP degradation, 30 mM/L NH 4 þ was added to the solution to quench ACl and the formation of chloramine with low reactivity. It can be seen from Figure 7 that the degradation effect of SMP is significantly reduced after adding ammonium ions. This result indicated that ammonium reacted with ACl to form less reactive but more stable chloramine. Therefore, we believe that ACl is the main oxidant for degrading SMP in the presence of Cl À .
Analysis of intermediate products and possible degradation pathway of SMP
The electrolysis effects were identified by UV-vis and the performance of particle electrodes was compared to elucidate the mechanism of SMP well using the pyrolusite particle electrodes in the 3D electrode system. The time evolution of the UV-vis spectra of SMP during the degradation process is displayed in Figure 8 . In the simulated wastewater, the characteristic absorption peak at approximately 220 nm can be attributed to the structures of benzene, and it can be attributed to a structure of sulphonated methyl at 283 nm. After 30 min of electrolysis, the peak of the two reaction systems at 220 nm significantly weakened, and the peak at 283 nm nearly disappeared (Figure 8 (a) and 8(b)). However, the absorbance at a low UV region (nearly 200 nm) increased gradually. We inferred that cleaving the SMP chemical bond and forming the benzene-like oxidation intermediate (Tian et al. ) . Figure  8 (b) presents that the two characteristic absorption peaks after the 60 min electrolysis rapidly disappeared in the 3D electrode system for pyrolusite particle electrode. This phenomenon indicated that the structure of benzene and sulphonated methyl was rapidly and completely destroyed. However, benzene-like oxidation intermediates were also present in the 3D electrode system for GAC after the 60 min electrolysis (Figure 8(a) ), thus showing an improved catalytic performance of the pyrolusite particle electrode. The electrolysis effects were identified by TOC. Figure 9 illustrates the TOC removal rates for GAC and pyrolusite particle electrodes. These results all show a low TOC removal rate. However, the TOC removal rate is significantly higher in the pyrolusite particle electrode than in the GAC. The organic mineralisation is low probably because the contribution of ACl is a dominant radical species in the reaction system. ACl reacts with organics via hydrogen abstraction, electrophilic addition and electron transfer; the process will have the production of chlorinated organic matter (Park et al. ; Yang et al. ). Thus, the low TOC removal rate may be due to the production of chlorinated byproducts.
SMP is a polymer; thus, it cannot be effectively characterised by common organic detection methods. We characterised the intermediate products in the electrolysis process by GC-MS, which was used to reflect the catalytic performance of different particle electrodes and the degradation process of SMP. Table 2 displays the results of GC-MS measurements. More small molecule organics are produced in the 3D electrode system of pyrolusite particle electrode than in the 3D electrode system of GAC. The small molecular organics decreased rapidly in the 3D electrode system of pyrolusite particle electrode by prolonging the electrolytic time. We inferred that the pyrolusite particle electrode has favourable catalytic performance. It can produce additional ACl during electrolysis, and SMP is rapidly oxidised to small molecules. In addition, multiple high-response peaks of several chlorinated organic compounds on the GC-MS spectrum were observed after the electrolytic reaction, and the content and types of chlorinated organics are significantly higher in the 3D electrode system of the pyrolusite particle electrode than in the GAC after 30 min of electrolysis. After the 60 min electrolysis, chlorinated organics decrease in the 3D electrode system of pyrolusite particle electrode. We also observed that the chlorinated organics continue to increase in the 3D electrode system of GAC. Yan et al. () believed that manganese oxides have the most efficient transition metal oxide catalysts for catalytic disposal of pollutants and can effectively destroy chlorinated organic compounds. The analysis results revealed the novel pyrolusite particle electrode shows better electrocatalytic oxidation performance than the GAC. We proposed a possible pathway for electrochemical oxidation of SMP by pyrolusite particle electrodes in the 3D electrode system. Firstly, SMP is decomposed into benzene-like oxide intermediates, and the structure of the sulphonated methyl is destroyed. Secondly, the structure of benzene is destroyed by the ACl to form an easily degradable organic product. Thirdly, the easily degradable organics are completely mineralised.
CONCLUSION
In summary, we developed a novel pyrolusite particle electrodes with a high ACl yield. The 3D electrode system that incorporates pyrolusite particle electrode maintained a high electrochemical activity towards oxidising organic compounds (SMP). With the assistance of pyrolusite particle electrode, ACl yield, COD Cr removal, and TOC removal were significantly improved. The results showed that ACl concentration and COD Cr removal for the 3D electrode system packed with pyrolusite particle electrodes increased to 68.4 mg/L (ACl) and 49.56% (COD removal rate), correspondingly. Furthermore, we proposed that a high degradation efficiency can be ascribed to the novel particle electrode, thereby increasing the yield of ACl. Thus, the particle electrode may have a wide application prospect in treating chlorine-containing wastewater of oil and gas fields. In future studies, increased attention will be focused on enhancing the surface strength of the particle electrodes to prolong its service life. 
